METHODS. The expression of nAChR subtypes and VEGF signaling pathway components was assessed in mice with and without oxygen-induced ischemic retinopathy by comparing expression levels at postnatal day (P) 14 and P17 in mice exposed to 75% oxygen from P7 to P12 and returned to room air versus mice pups that were exposed to ambient oxygen levels during the same period. The effect of topical or intraocular injection of mecamylamine, a nonspecific nAChR antagonist, or targeted deletion of a7-or a9-nAChRs on ischemia-induced retinal NV was determined by comparing the amount of retinal NV at P17 in these mice versus appropriate controls.
T here are two major types of ocular neovascularization (NV) that affect the retina: ischemia-induced retinal NV and subretinal NV. Ischemia-induced retinal NV occurs in humans in retinopathy of prematurity (ROP) and diabetic retinopathy and affects the vessels of the inner retina. Subretinal NV occurs in the subretinal space and occurs in diseases of the RPE and Bruch's membrane such as AMD with vessels arising from the choroid. These two types of ocular NV share some characteristics with each other and with NV elsewhere in the body, but they also have unique features. It cannot be assumed that molecular signals implicated in one play a role in the other.
Nicotine stimulates endothelial cell proliferation, migration, and survival, due to the activation of nicotinic acetylcholine receptors (nAChRs).
1,2 Activation of these receptors stimulates angiogenesis in adult animals, in part by increasing VEGF expression as well as phosphorylation of VEGF receptor 2 (VEGFR2). [3] [4] [5] However, the function of these receptors in normal vascular development in unclear. Mice deficient in expression of several nAChRs subunits are viable, without reported vascular anomalies, suggesting that these subunits are not indispensable for vascular development. [6] [7] [8] In adult animals, both physiological angiogenesis as well as pathologic NV are modulated by nAChRs. For example, activation of nAChRs in the bed of an experimental wound accelerates wound healing, 9, 10 and enhances endothelial cell survival. 11 In addition, nAChR may also mediate pathologic angiogenesis including NV of atherosclerotic plaque, tumor angiogenesis, and choroidal NV. [12] [13] [14] [15] Endogenous acetylcholine activates these receptors to induce endothelial cell proliferation, migration, and tube formation in vitro, and angiogenesis in vivo. In the eye specifically, activation of nAChRs by exogenous nicotine contributes to choroidal NV while inhibition of the pathway by mecamylamine suppresses it. 5 Mecamylamine hydrochloride is a secondary amine and a well characterized postganglionic sympathetic system inhibitor that has been shown to block nicotine-induced stimulation of nAChRs and was extensively used as an antihypertensive. [16] [17] [18] [19] Studies in mammalian brain and amphibian neuromuscular tissue demonstrated that mecamylamine is a noncompetitive inhibitor that binds to the nAChR ion channel region and decreases the longevity of channel opening rather than by blocking nicotine Copyright 2017 The Authors iovs.arvojournals.org j ISSN: 1552-5783 binding. 20, 21 Mecamylamine is a highly lipophilic small molecule with an excellent biodistribution profile that makes it an excellent candidate for topical administration. In previous studies, where mecamylamine was delivered topically to primate eyes, measurements of mecamylamine in different compartments of the eye indicated that the topical formulation of mecamylamine penetrated into the conjunctiva and sclera to provide substantial levels in the choroid and retina (Hsu HH, et al. IOVS 2007;48:ARVO E-Abstract 1775).
Oxygen-Induced Ischemic Retinopathy in Mice
Retinal neovascularization (rNV) was induced in neonatal mice as previously described. 22 Briefly, at postnatal day 7 (P7), mothers and pups were placed in a hyperoxia chamber (75% O2) to interrupt normal postnatal development of the retinal vasculature in the pup eyes, and returned to room air at P12. For some experiments, immediately upon removal from the hyperoxic chamber, mice were given a 1-lL intravitreal injection of PBS or mecamylamine (Sigma-Aldrich Corp., St. Louis, MO, USA) dissolved in PBS at concentrations ranging from 0.001% to 0.1% in the right eye and PBS alone in the left eye using a Harvard microinjection apparatus (Harvard Apparatus, Holliston, MA, USA) with a pulled glass needle and a dissecting microscope. In other animals, mecamylamine was administered topically by dropping 2 lL to each eye daily from P12 to P16 at concentrations of 0.01%, 0.03%, 0.1%, and 0.3% wt/vol reconstituted in PBS, while control animals received vehicle alone on both eyes. At P17 the mice pups were killed, the eyes were removed and fixed in 10% formalin, and the retinas were dissected out and stained using fluorescein-GSA Isolectin B4 (Invitrogen, Carlsbad, CA, USA) to identify the neovascular tufts. Digital photographs were obtained with a Zeiss Axioskop fluorescence microscope (Zeiss, Oberkochen, Germany) of the flat mounted retinas. ImagePro Plus software (Media Cybernetics, Rockville, MD, USA) was used to highlight and measure the area of retinal NV per retina by an investigator blinded with respect to treatment group.
In other experiments, mouse pups were killed at P12 and P17 following 5-day exposure to hyperoxia and the retinas were fixed, isolated, and stained as above. Flat-mounted retinas were measured as above to delineate the central area of nonperfusion (ANP) that results from vessel regression during the hyperoxia phase.
Effect of Mecamylamine on Normal Vascular Development
On the first day after birth (P1), mouse pups were given a periorbital injection of 0.03% mecamylamine in PBS or PBS alone using a Harvard microinjection apparatus with a pulled glass needle inserted just below the closed eyelid so as not to puncture the eye or enter the venous plexus. The mice were killed at P7, P10, or P18. The retinas were fixed, dissected out, stained, and flat mounted as above. For P7 retinas, the length of vascular development of the superficial retinal vessels was measured from the optic nerve head (ONH) to the edge of the peripheral vascular bed in all four quadrants per retina and the results were averaged to yield one measurement per retina. At P10 and P18, measurements were performed in the same manner focusing on the deeper capillaries that grow into the retina from the superficial vessels in a pattern starting from the central vessels to the periphery.
Platelet Endothelial Cell Adhesion Molecule (PECAM) Selection of Retinal Cells and Quantitative PCR
Wild-type C57Bl/6 mice were exposed to 75% oxygen for 5 days beginning at P7 and then returned to room air. Some mouse pups were euthanized at P14 while the remaining pups were euthanized at P17, both with age-matched room air controls. Retinas were dissected out immediately and placed in Hanks balanced salt solution (Gibco, Gaithersburg, MD, USA) and rinsed once. The retinas from three to five mice were pooled together. Pooled retinas were digested with 1-mg/mL collagenase D (Roche Scientific, Indianapolis, IN, USA) in serum-free Debulcco's modified Eagle's medium (DMEM; Invitrogen) for 40 minutes at 378C, pipetting gently seven to eight times at the beginning and at 10-minute intervals to break up the retinas into single cell suspensions. The suspensions were filtered through a 70-lm nylon mesh (ThermoFisher, Waltham, MA, USA), which was rinsed with DMEM to make a final volume of 10 mL. The single cell suspensions were pelleted at 400 3 g for 10 minutes and rinsed twice in DMEM. The final rinse was removed and the cells were resuspended in 1.5-mL DMEM and incubated with sheep anti-rat IgG-coated Dynabeads (Life Technologies, Carlsbad, CA, USA) that had been preincubated with rat anti-mouse PECAM (BD Biosciences, San Diego, CA, USA) antibodies to separate the retinal endothelial cells from the neuronal cells. After incubating at 48C for 1 hour with gentle agitation, the beads were isolated using the proprietary magnetic rack. The PECAM (À) cell suspension was rinsed 3X with PBS as were the PECAM (þ) cells adhering to the beads. Total RNA was isolated from both PECAM (þ) and (À) fractions using Trizol reagent (Invitrogen) according to the manufacturer's instructions. After isolation, the RNA was used to prepare cDNA with iScript DNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) according to the instructions. Real-time quantitative PCR was performed using a Rotor Gene Q instrument (Qiagen, Hilden, Germany) and Rotor-Gene SYBR Green PCR Kit (Qiagen) to investigate the expression levels of angiogenesis-related genes and nicotinic acid receptor alpha subunits in the retinas of normal and hypoxic mice. Cyclophilin A expression was used to standardize expression levels of the test genes. Fold changes in genes expression were calculated using DDCt values. 23 Primers used in these experiments are listed in the Table. In other experiments, mouse pups from nAChR a9 (þ/À) or nAChR a7 (þ/À) mice were exposed to hyperoxia as above, returned to room air, and killed at P17. This mating paradigm produces experimental mice as well as controls in the same litters. Retinas were isolated and cDNA was prepared from total retinal RNA as above. Real-time quantitative PCR was performed to investigate differences in gene expression between knockout animals and littermate controls.
Statistical Analysis
Data are expressed as means 6 SEM. Statistical analysis was performed using Student's t-test with P less than 0.05 considered significant, or Dunnett's test for multiple comparisons.
RESULTS

Mecamylamine Suppresses Ischemia-Induced Retinal NV
Oxygen-induced ischemic retinopathy (OIR) is a model of rNV. Mouse pups with their mothers were placed in a hyperoxic chamber with oxygen maintained at a concentration of 75% from P7 to P12 when they were returned to room air. Immediately after removing them from the chamber, the pups received a 1-lL intraocular injection of mecamylamine in PBS at a concentration ranging from 0.001% to 0.1% in the right eye and PBS alone in the left eye. In a dose-dependent manner, mecamylamine reduced ischemia-induced NV significantly compared with PBS alone (Fig. 1a) . Similar results were seen in mice that received daily topical administration of mecamylamine ( Supplementary Fig. S1 ).
To investigate whether mecamylamine, which readily diffuses through ocular tissue, also inhibited normal vascular development, mouse pups were given a 1-lL periorbital injection of 0.03% mecamylamine or PBS at P1 and the extent of retinal vessel formation was measured at three time-points during development. At P7, the extent of superficial vessel network coverage toward the peripheral retina was the same in retinas from mice treated with mecamylamine compared with those of mice treated with PBS (Figs. 1b, 1c) . The deeper capillary network forms from branches of the superficial vessels that grow into the retina starting in the central retina and progressing peripherally. The extent of coverage of the deeper capillary network was measured at P10 and P18 and was the same in mice treated with mecamylamine compared with mice treated with PBS at both time-points. Thus, mecamylamine reduces pathologic NV but has no effect on normal vascular development.
Expression of Components of the VEGF Pathway and nAChR Alpha Subtypes in Retinal Endothelial Cells
Because nAChRs are expressed on both neuronal cells as well as vascular cells, and because ischemic retinopathy can alter VEGFA and VEGFR2 levels in both cell populations, it was desirable to isolate these populations and investigate any changes that may occur, especially with regard to nAChR subtypes. To investigate the expression of VEGFA, VEGFR2, and the nAChR alpha subunits in retinal neuronal and endothelial cell populations, retinal endothelial cells were isolated from dissociated total retinal cell suspensions from mice with OIR at P14 and P17 using anti-PECAM-1-coated magnetic beads. The average enrichment factor of PECAM expression in the PECAM (þ) cell fraction generated by the purification technique was 27.4þ/À 4.7 compared with the PECAM (À) cell fraction (Fig. 2a) . The change in VEGFA and VEGFR2 expression levels was investigated in PECAM (À) and (þ) cell populations from the retinas of OIR mice. Two days after the onset of ischemia at P12, VEGFA expression levels were elevated in both PECAM (À) neuronal and PECAM (þ) endothelial cell populations and the elevation was sustained at P17 (Fig. 2b) . Vascular endothelial growth factor receptor 2 is expressed on several cell types in the retina, including ganglion cells, rod photoreceptors, and endothelial cells, but its expression was only significantly increased at P14 or P17 in the PECAM (þ) fraction of retinal cells, indicating that it is only upregulated by OIR in endothelial cells.
We next investigated the expression levels of the nAChRa subtypes in control and OIR retinas. A previous study indicated that eight subtypes are expressed in the retina. 24, 25 Our study demonstrates that the eight subtypes are expressed in both the PECAM (þ) endothelial cell fraction as well as in the PECAM (À) neuronal fraction of retinal cells and that they are modulated by hypoxia (Figs. 2c, 2d) . The nAChR subtypes a2, a9, and a10 were transiently upregulated at P14 in the PECAM (À) fraction but returned to control levels at P17 in retinas from OIR mice compared with controls. The nAChRa5 subtype was increased at P17, while the a3 subtype was increased at both P14 and P17 in the PECAM (À) fraction. In the PECAM (þ) cell fraction, the a9 and a10 subtypes were significantly increased at P14 but not at P17 compared with controls while the a3 and a5 subtypes were significantly increased at P17. Interestingly, the a2, a4, and a6 subtypes were all significantly suppressed at 
GCCCTGCCTGTGGTCTCACTAC CAAAGCATTGCCCATTCGAT P17 in the OIR mice. And surprisingly the a7 subtype, which has been shown repeatedly to play a role in proliferation of endothelial cells from other circulations, was unmodulated at either time-point for either cell fraction.
Effect of Targeted Deletion of nAChRa7 or nAChRa9 on Ischemia-Induced Retinal NV and Gene Expression
Previous studies in vitro using siRNA to knockdown expression of specific nAChRa subtypes demonstrated that suppression of a7 decreased endothelial cell proliferation and increased apoptosis while suppression of a9 increased proliferation without affecting apoptosis. 4 Therefore, in order to discern whether these two subtypes played similar roles in vivo, we investigated the effect of systemic ablation of a7 or a9 in mice on the development of rNV in the OIR model using commercially available knockout mice. Mice hemizygous for either deletion were mated to produce litters that contained (þ/þ), (þ/ À), and (À/À) littermate controls to correct for any interlitter variations. Compared with wild-type mice, there was no difference in the amount of rNV in OIR retinas from either hemizygous or homozygous nAChRa7 knockout mice (Fig. 3a) . In the nAChRa9 knockout mice, hemizygous deletion resulted in a 14% decrease on the amount of rNV compared with controls while homozygous ablation resulted in a 34% decrease in the amount of rNV that developed (Figs. 3a, 3b) . Because the amount of rNV that develops in the OIR model depends upon the amount of vessel ablation that occurs in the hyperoxic phase, we measured the central ANP in nAChRa9 (þ/þ) and (À/À) mice at P12 immediately after removal from hyperoxia. Both populations of mice showed identically sized ANP. Additionally, when the central ANP remaining at P17 was measured in a separate cohort of mice, there was no difference compared with controls. Thus the regrowth of normal vasculature to fill in the ablated zone occurred at the same rate in nAChRa9 (À/À) mice compared with (þ/þ) mice suggesting that nAChRa9 is not necessary for normal vessel formation.
Previous work has demonstrated that activation of nAChr receptors can alter the ratio of the proangiogenic VEGF and the antiangiogenic pigment epithelial derived factor (PEDF) in favor of VEGF. 26 To investigate whether a change in the VEGF:PEDF ratio could account for the decreased rNV in nAChRa9 (À/À) mice compared with controls, mRNA levels were compared for VEGF, PEDF, and VEGFR2 in P17 OIR knockout mice versus OIR wild-type controls (Fig. 4) . Gene expression was not significantly different for any of these. However, when expression levels for the different nAChRa subtypes were measured, we found significant increases in the expression levels for a2, a4, and a5 in the retinas of knockout mice compared with controls. This suggests that there may be some compensatory upregulation of these subtypes in the absence of nAChRa9. 
DISCUSSION Overview
The salient findings of this study are that in the murine OIR model of rNV, the expression of nAChR subunits and components of the VEGF signaling pathways are increased in the ischemic retina. Furthermore, topical or intraocular administration of the nAChR antagonist mecamylamine decreased retinal NV in this model. Additionally, targeted deletion of a9, but not a7, nAChR receptor subunits reduced retinal NV in OIR. These data suggest that nAChR signaling, primarily through the a9 nAChRs, contributes to ischemia-induced FIGURE 2. Gene expression in PECAM (þ) and PECAM (À) fractions of retinal homogenates from RA control versus OIR mice at P14 and P17 was compared. (a) The enrichment factor of PECAM expression in bead-selected fractions versus nonselected fraction was measured. n ¼ 12, **P ¼ 2.65 3 10 À5 . (b) Vascular endothelial growth factor A and VEGFR2 expression levels were measured at P14 (n ¼ 6) and P17 (n ¼ 3) in both PECAM (þ) and PECAM (À) fractions from OIR retinas and RA control retinas. *P < 0.05, **P < 0.01. (c) Expression levels of the eight nAChRa subtypes were measured at P14 (n ¼ 6) and at P17 (n ¼ 3) in the PECAM (À) fraction of retinal homogenate samples from OIR mice and RA controls. *P < 0.05. (d) Expression of the nAChR a subtypes were measured at P14 (n ¼ 6) and P17 (n ¼ 3) in the PECAM (þ) fraction of retinal homogenate samples from OIR mice and RA controls. *P < 0.05, **P < 0.01.
retinal NV, but not retinal vascular development. Mecamylamine or a specific a9 nAChR antagonist could be considered for treatment of ROP and other ischemic retinopathies.
ROP Versus OIR
Retinopathy of prematurity is a vasoproliferative retinal disease affecting premature infants (for reviews see Refs. 27-31). Normally, retinal vascular development occurs prenatally and is complete around gestational age 37 weeks. In infants born prematurely, normal vascular development is interrupted due to the loss of maternally derived factors such as insulin-like growth factor 1 (IGF1), IGF binding protein 3 (IGFBP3), and x-3 polyunsaturated fatty acids (PUFAs), as well as the down regulation of proangiogenic factors such as VEGF due to increased oxygen tension relative to that in utero. This interruption of normal vascular development is Phase 1 of ROP. Phase 2 occurs as the neural retina develops and oxygen requirements increase leading to hypoxia of the retina, and upregulation of VEGF and other angiocytokines. This leads to dysregulated vascular cell proliferation into the epiretinal vitreous space forming membranes that can cause retinal detachment and/or neuronal defects that can result in poor visual acuity for life. Interventions to decrease the severity and progression of the disease include careful regulation of oxygen to prevent ROP, and the use of cryotherapy or laser ablation. More recently, anti-VEGF therapies have been assessed in ROP, but concerns remain about possible systemic effects of this approach. 32 To model the human disease, we used the well-characterized mouse OIR model. 22, 33 As in ROP, the mouse OIR model has a biphasic pathology whose initial phase includes loss of proangiogenic stimuli due to increased oxygen tension resulting in a cessation of retinal vascular development, which phase is followed by a hypoxia-induced upregulation of proangiogenic factors leading to aberrant NV. However, there are some key differences. 30, 34, 35 First, retinal vascular development in humans occurs by a combination of vasculogenesis and angiogenesis and is normally complete by gestational age of 37 weeks (i.e., prenatal) while that in mice is entirely postnatal and is now believed to involve only angiogenesis. As a result of this difference, while human ROP is exacerbated by the loss of maternally derived factors such as IGF1 and x-3 PUFAs, murine OIR does not involve alterations in maternal trophic support. Additionally, human ROP involves a disruption of vessel formation in the peripheral retina during phase 1, while mouse OIR in addition includes ablation of central retina vessel. Lastly, murine OIR does not cause retinal detachment, resolves without intervention, and is not reported to cause neuronal cell death. Thus, the OIR model has been helpful to increase our understanding of the mechanisms of ROP and to identify potential therapeutic interventions, but may not be entirely predictive of the benefit of such new therapeutic approaches.
The Angiogenic Effect of Endothelial nAChRs
We previously discovered that endothelial cell (EC) nicotinic acetylcholine receptors (nAChRs) induce EC survival, proliferation, and function. 2 Notably, endothelial cells have the capacity to synthesize and degrade acetylcholine, the endogenous ligand for nAChRs. 15, [36] [37] [38] [39] [40] In vivo, activation of the nAChRs may enhance physiological angiogenesis or contribute to pathologic NV. [2] [3] [4] [5] 9, 10 We have shown that there are positive, reinforcing interactions between the cholinergic and VEGF pathways. Stimulation of EC nAChRs increases VEGF expression and metalloproteinase expression 41, 42 ; and induces phosphorylation of the VEGFR. 43 Vascular endothelial growth factorinduced EC migration is inhibited by nAChR antagonists. Reciprocally, VEGF stimulation increases the expression of EC nAChR a7. 44 These findings indicate that the cholinergic and VEGF system are synergistic proangiogenic pathways.
Antagonism of nAChR Blocks Pathologic NV
Kiuchi and colleagues 5 showed that pretreating mice with topical administration of mecamylamine, a nonselective nAChR antagonist, effectively reduced choroidal NV in the mouse model of ruptured Bruch's membrane. Our present results demonstrate that mecamylamine can also mitigate the prolific vascularization seen in OIR. Notably, mecamylamine did not inhibit the revascularization of the central vaso-obliterated region, indicative of the restoration of normal physiological vascularization in this animal model. Likewise, administration of mecamylamine during normal development did not produce any changes in normal vascular development, as assessed by analyzing the rate of radial outgrowth from the ONH. These studies indicate that normal vascular development can proceed in the presence of a nAChR antagonist, whereas pathologic NV is inhibited.
Previous observations of human retinal endothelial cells in vitro using nAChR-specific siRNAs suggested that nAChRa7 activation induces a proangiogenic response while a9 activation decreases endothelial cell proliferation. 4 Therefore, it was predicted that nAChRa7 (À/À) mice would have less rNV than wild-type (þ/þ) mice, whereas nAChRa9 (À/À) mice would have greater NV. However, the reverse is true in the mouse eye. In the pathologic NV associated with murine OIR, it appears that a9 nAChRs play a prominent role in the development of rNV. Indeed, mice that lack the a9 nAChR subtype developed less rNV than control mice. We found no difference in the extent of neovasculariz between wild-type and a7 (À/À) mice, which suggests that this subtype plays a less important role in the development of rNV than the in vitro experiments would lead one to believe. The roles played by the different subtypes thus appear to be context dependent. Our data also suggest that multiple subtypes play a role in the neovascular response because inhibition of all of the nAChR subtypes by mecamylamine reduced rNV by greater than 95% at the highest concentration while nAChRa9 ablation resulted in only a 34% reduction. Other nAChR subtypes may compensate for the loss of the a9 nAChR subtype. Indeed, there was a 2-fold increase in the mRNA expression of nAChRa2 in the a9 (À/À) mice, and a 2.5-fold increase for nAChRa4 and a5 mRNA. Further studies will need to be done to determine how much each subtype contributes to the neovascular response.
CONCLUSIONS
In summary, we have shown the existence of nAChRs in the murine neural retina and the retinal vasculature, and their upregulation in the murine OIR model of retinal NV. Furthermore, pharmacologic or genetic suppression of nicotinic acetylcholinergic receptors inhibited the development of retinal NV in this model. Our work justifies a more comprehensive analysis of the role of different nAChR subunits in rNV by genetic manipulations or through use of specific subtype inhibitors to further define the specific receptors that may be antagonistic and agonistic to the pathologic NV process in the retina. Finally, nAChR antagonists such as mecamylamine may represent a novel therapeutic approach to alleviate ischemic retinopathies that develop in diseases such as ROP and diabetic macular edema. Partial evidence for this was suggested by a small phase I/II trial investigating the efficacy of topical 1% mecamylamine drops twice per day in alleviating macular edema and improving visual acuity (VA). 45 The mixed results demonstrated that a subset of patients showed improvements while others showed no improvement or even worsening of VA. Much like our results, the authors suggest that the heterogeneity of effect may be a reflection of the differing and possibly opposing roles the nAChR subtypes are reported to play and a better understanding of these differing roles is necessary to develop therapies that can effectively target this angiomodulatory system.
